Monoclonal antibodies were developed that are specific for Rous sarcoma virus structural, polymerase (reverse transcriptase) and transforming proteins. The monoclonal antibodies were shown to bind to purified virus proteins in an indirect ~ :5I-labelled Protein A binding assay suitable for screening even very large numbers of hybridomas. Additional tests for specificity included radioimmunoprecipitation of purified virus structural proteins P 12 and P27, of reverse transcriptase subunits ~ and/~, and of the transforming protein pp60 ..... . Pilot immunofluorescence and protein kinase assays of the expression of virus proteins in avian and mammalian cells infected by wild-type virus as well as by temperature-sensitive, transformation-defective virus mutants revealed that synthesis of virus structural and transforming proteins is hardly affected by changes in temperature, whereas the pp60"-~c-associated kinase activity is temperature-sensitive in cells infected by most, but not all the virus mutants.
INTRODUCTION
Rous sarcoma virus (RSV) has played a pioneering role in the elucidation of the molecular mechanisms of retrovirus-mediated malignant cell transformation (for reviews, see Bishop & Varmus, 1982; Kurth, 1983) . Early genetic studies indicated that a single viral gene product is responsible for initiating and maintaining cell transformation (Martin, 1970) . Correspondingly, studies with RSV have also led to the identification of the first retroviral transforming protein, designated pp60 ..... (Brugge & Erikson, 1977) . This src gene product is a 60000 tool. wt. phosphoprotein which possesses a tyrosine-specific protein kinase activity postulated to be essential foi" its transforming capacity (Hunter & Sefton, 1980) . Previous investigations of the intracellular expression, localization and function of pp60 ...... have largely depended on the use of antisera from rabbits or mice bearing RSV-induced tumours (tumour-bearing rabbit or mouse serum, TBRS and TBMS respectively: Brugge & Erikson, 1977 : Parsons et al., 1979 : Huesgen et al., 1980 . However, not all conventional sera from animals with RSV-induced turnouts recognized pp60 v~rc, and most sera also contained antibodies to RSV structural proteins. The recent isolation of monoclonal antibodies to pp60 "-Src in our (Tanaka & Kurth, 1984 a) and other (Lipsich et al., 1983 ; Parsons et al., 1983) laboratories, therefore, provided tools for the more precise analysis of structure, function and cellular targets of pp60 ..... and for the study of its immunological relationship to the corresponding transforming proteins of other (avian) sarcoma viruses. We have recently described the in vitro binding and the immunoprecipitating activity of a monoclonal antibody to pp60 "-src, its inhibition of pp60 ...... mediated protein kinase activity and the immunofluorescent detection of pp60 ..... in wild-type RSV-infected avian and mammalian cells (Tanaka & Kurth, 1984a) . In this communication, these experiments have been extended to study the expression of pp60 ..... in avian and mammalian cells infected by transformation-defective RSV mutants.
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Rous sarcoma viruses have also been employed to investigate cellular mechanisms controlling the expression of virus genes. RSV of an appropriate envelope subgroup efficiently penetrates mammalian cells, but the level of expression of structural and transforming viral genes in mammalian cells is generally lower and the ratios of viral RNAs are different from those observed in permissive avian cells. Mammalian cells are usually non-permissive for virus replication and, despite DNA provirus integration (Boettiger et at., 1975; Varmus et at., t975) , malignant cell transformation appears to be an infrequent and reversible event (Wyke & Quade, 1980) . Although the majority of RSV-infected mammalian cells remain normal, transformed descendents can be isolated after prolonged cultures. Transformed cells, however, can again revert to phenotypic normality. It has been proposed that expression of viral functions operates at the level of viral RNA transcription .
The isolation of monoclonal antibodies to avian sarcoma virus structural and polymerase proteins (Sovov~i et al., 1980; Richert, 1982; Weis et al., 1983) may therefore not only help to define distinct structural domains of the proteins, but also to elucidate the regulation of virus gene expression in permissive and non-permissive cells and under various culture conditions. Isolation and initial characterization of monoclonal antibodies specific for the RSV structural proteins P27 and P12 as well as for viral polymerase will be described in this paper. These antibody populations have been employed for pilot studies of virus gene expression in wild-type and mutant RSV-infected mammalian cells.
METHODS
Isolation and screening o! monoclonal antibodies. Hybridoma preparation, subcloning of hybridoma clones, hybridoma growth in mice to produce ascites and the indirect J25iodine-labelled Protein A binding assay for screening hybridoma culture supernatants for RSV-specific antibodies have all been described previously (Tanaka & Kurth, 1984a. b) . Briefly, inbred STU mice (Sch/ifer, 1979) were immunized repeatedly by intraperitoneal injections of syngeneic RSV-transformed D56 mouse fibrosarcoma cells (Huesgen et al., 1980) . Spleen cells from mice exhibiting suitable antiviral serum antibody titres were fused to NSI or X63-Ag8 6.5.3 BALB/c mouse myeloma cells by procedures described by Fazekas de St Groth & Scheidegger (1980) . K6hler (1981) and Galfrb & Milstein (1981) . Supernatants from cloned and subcloned hybridomas were tested against purified (Moelling et al., 1979; Bunte et aL, 1981 ; Donner et al., 1981) RSV structural proteins (p12, p15, p19, p27), against reverse transcriptase (pol) of avian myeloblastosis virus (AMV), as well as against pp60' ~rc using Terasaki microtest wells to which the antigens had been adsorbed, Monoclonal antibody binding was quantified by adding secondary rabbit anti-mouse IgG or lgM antiserum, followed by incubation with 5 × 10 ~ c.p.m. 12SI-labelled Protein A per well (Tanaka & Kurth, 1984b) .
Radioimmunopreeipitation assay (R1PA). Purified RSV antigens and pp60 ~-src were iodinated by the chloramine T method and employed in RIPAs to test directly the specificity of monoclonal antibodies (Kurth & Mikschy, 1978) . It proved to be advantageous to use either fresh, unfrozen monoclonal antibodies from ascites (as also observed by Lipsich et al., 1983) or aliquots frozen once only.
Inhibition o/ DNA polymerase activity. Reverse transcriptase DNA polymerase activity was inhibited by incubating purified AMV reverse transcriptase (2 units; Bethesda Research Laboratories) with dilutions of either 5 btl of serum or ascites fluid or with 5 btl of tenfold concentrated hybridoma culture supernatants (Weis et al., 1983) . The mixtures were immediately added to 50 ~tl of sonicated calf thymus DNA in buffer [2.5 mg/ml DNA in 0.1 MTris-HCl pH 8.2, 0.0l M-MgCI:, 2% 2-mercaptoethanol, 0.2~ bovine serum albumin, 5 x 10 -5 M-dGTP, -dCTP, -dATP and [3H]dTTP (10 ~tCi/ml)l. After incubation for 60 min at 37 °C, the samples were precipitated with trichloroacetic acid and insoluble material was counted. 100% activity was defined by the values obtained with correspondingly diluted normal mouse serum; dilution buffer was 0-1 M-Tris-HCI pH 8-2, 0-01 ~,~-MgCI_,, 2% 2-mercaptoethanol, 0 -v°/ bovine serum albumin.
--/o
Cells and viruses used.lorfluorescence studies. Chicken embryo fibroblasts (CEF) were derived from chicken factor-negative eggs (Lohmann, Cuxhaven, F.R.G.). CEF, normal rat kidney (NRK) and rat-1 cells were cultured as described previously (Wyke & Kurth, 1978; Wyke & Quade, 1980; Ellwart-Tschiirtz & Kurth, 1981) . Temperature-sensitive (ts) transformation-defective (td) RSV mutants were used to infect CEF maintained at permissive (37 °C) or restrictive (41 °C) temperature. Rat-I cells already infected by ts, td mutants were kindly provided by Dr J. A. Wyke (Imperial Cancer Research Fund, London, U.K.; Wyke, 1973a, b; Balduzzi et al., 1978) and grown at permissive (35 °C) or restrictive (39.5 °C) temperature. NRK cells transformed by the B77 strain of RSV and by simian sarcoma virus/simian sarcoma-associated virus (SSV/SSAV) served as controls in immunofluorescence studies.
Intracellular immunofluorescence was performed with target cells grown on coverslips (Tanaka & Kurth, 1984a) .
Protebt kbtase (PK) test. Erikson and colleagues were the first to describe the ATP :protein phosphotransferase activity (EC 2.7.1.37) of pp60 '-src (Collen & Erikson, 1978) . To test the coresponding enzyme activity in lysates of virus mutant-infected cells, the entire PK test described previously (Huesgen et al., 1980; Ellwart-Tschiirtz & Kurth, t981 ; Tanaka & Kurth, 1984a ) was performed at 4~C. Heavy chains of the precipitating antibodies phosphorylated by pp60 .... were excised from polyacrylamide gels and counted in a Beckman scintillation counter.
RESULTS

Screening of hybridoma culture supernatants Jor anti-RS V antibody production
Of approximately 1200 cell clones resulting from eight fusion experiments, two produced antibodies to P12 (I6C1, IgG2b; J17B5, IgM), one to P27 (J16C1, IgM), two to reverse transcriptase (JlC4, IgM, J2C2, IgM) and one to pp60 ..... (H2B4, IgG1). A number of additional candidate hybridoma cell lines await more detailed analysis. As also observed by other investigators, many hybridoma cell lines secreted IgM. Mouse immunoglobulin subclasses were determined by radial double-immunodiffusion employing subclass-specific rabbit antisera.
The indirect 12Siodine_labelled Protein A binding assay proved to be very useful for screening large numbers of hybridoma supernatants. The specificity of this test depends obviously on the purity of the antigens employed. Originally, density gradient semi-purified, detergent-disrupted Schmidt-Ruppin RSV (SRV-D) was used to identify candidate clones. These clones were subsequently analysed with purified AMV antigens (Table 1) . With the exception of the P12 preparation, which still contained some P27 (see Fig. 2 ), all other virus antigen preparations were electrophoretically pure. Because of this contamination, clone J16C1, specific for P27, exhibited higher than background reactivity with the P12 preparation (Table 1) . In general, IgM-producing hybridoma cell lines like J 1 C4 and J 17B5 showed higher background binding in this assay system than IgG-producing lines.
Sera from tumour-bearing mice immunized repeatedly with SRV-D-transformed syngeneic cells (Huesgen et al., 1980) efficiently recognized virus structural and transforming proteins, whereas antibody titres to the retrovirus polymerase were generally lower (Table 1) .
Subcloning is sometimes required before clear antibody binding to an immobilized (virus) antigen can be detected. For example, I6C1 (anti-P12) subclones reacted with P12 much more efficiently than their parental stem clone (Table 2) , presumably due to a higher rate of antibody synthesis. On the other hand, subcloning did not always result in more useful hybridoma lines, as illustrated by the unchanged and relatively low reactivity of the anti-P27 J16C1 subclones.
The indirect 12Si_labelled Protein A binding assay is also useful for the titration of tumourbearing mouse sera, ascites fluids and hybridoma culture supernatants (Fig. 1) , thus providing a 280  Jl9B31l  90  110  100  120  240  130  180  H2B4  90  270  1930  120  14480  140  220  16C 1  900  270  210  300  300  260  130  J1C4  2120  2460  2270  1980  1740  8170  1490  J2C2  1480  1280  960  1530  360  2280  1630  JI6C1  3800  710  750  11150  750  1820 quantitative estimate of monoclonal antibody titres. In general, mouse antisera possessed the highest antiviral antibody titres, with the notable exception of those directed to polymerase ( Fig. 1 d) , followed by the titres contained in ascites fluids. Unless concentrated by ammonium sulphate precipitation (data not shown), supernatants from hybridoma cultures (approx. 106 cells/ml; culture medium harvested after 48 h) contained lower titres (Fig. 1) . Whereas culture supernatants preferably unfrozen could still be employed for the very sensitive radioimmunoprecipitations, monoclonal antibodies produced in ascites were required to yield clear results in the less sensitive immunofluorescence assay.
Radioimmunoprecipitation of RS V antigens
Precipitation of purified, iodinated antigen followed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of the sediment probably represents the most direct approach to investigate the specificity of a monoclonal antibody. Fig. 2 illustrates the precipitation of P12 by clone J17B5 and two subclones. Whereas tumour-bearing mouse serum J also recognized the P27 contamination, the monoclonal antibodies reacted exclusively with P12. Fig. 3 shows the reaction of J 16C 1 and subclones therefrom with P27, Despite extensive and repeated subcloning, we have not yet obtained clones with higher precipitating activity. On the other hand, J16C1 grown in ascites proved to be very useful for immunofluorescence studies.
Retrovirus polymerase isolated from AMV also served as iodinated antigen and could be recognized by both pol-specific J 1 C4 and J2C2 clones and their subclones (Fig. 4) . The/~ (90K) and ~ (60K) subunits, which are immunologically related, were both recognized. 
Inhibition of DNA polymerase activity
AMV reverse transcriptase DNA polymerase activity was inhibited by anti-pol monoclonal antibodies (Fig. 5) . Purified, sonicated calf thymus DNA was a more efficient template than DNA from salmon sperm (data not shown). Pre-incubation of sera, ascites fluids or hybridoma culture supernatants (30 to 60 min) with purified reverse transcriptase prior to the addition of DNA template led to a general reduction of enzyme activity even when normal sera of hybridoma supernatants were employed, presumably due to proteolytic degradation of the enzyme. However, when antibodies, reverse transcriptase and DNA template were mixed immediately, specific inhibition of enzyme activity by anti-pol monoclonal antibodies was demonstrable (Fig. 5) .
Inhibition was only partial, possibly reflecting the period of time required for the antibodies to bind to and inhibit reverse transcriptase activity. As suggested by both the 12SI-labelled protein A binding studies (Table 1 ) and the precipitation assays (Fig. 4) , subclones of J1C4 turned out to be more effective inhibitors than subclones of J2C2. J 1 C4 cells may either produce higher amounts of anti-poI monoclonal antibodies than J2C2 cells or these immunoglobulins may possess a higher binding affinity to reverse transcriptase than those of J2C2.
Immunofluorescence studies
In an initial series of experiments we studied the distribution of pp60 V-~rc, P27, P12 and reverse transcriptase in avian and mammalian cells infected by wild-type and mutant RSV strains. Immunofluorescence revealed a peculiar staining pattern for P12 and P27 when monoclonal antibodies produced in ascites were employed in high concentrations, e.g. when target cells grown on coverslips were incubated with 50 ~1 1:5 to 1:10 diluted ascites (Fig. 6) . At higher dilutions (1:50), the fibrillar fluorescence, reminiscent of the staining of actin cables, was replaced by a more granular, cytoplasmic pattern. The anti-pol monoclonal antibodies stained the cytoplasm of infected CEF in a diffuse fashion (Fig. 6g, h ). Based On theoretical quantitative considerations, we originally did not necessarily expect to be able to obtain positive fluorescence of infected CEF with anti-pol monoclonal antibodies. On the other hand, staining was not very pronounced (e.g. Fig. 6h ).
To underline their specificity, staining with monoclonal antibodies to P12 and P27 could be abolished by prior incubation of antibodies with density gradient-purified, detergent-disrupted RSV. As expected, such absorptions were not successful with monoclonal antibodies directed to pol or pp60 v-src, as these virus-coded non-structural proteins are hardly incorporated into the virus particles.
Judging from the intensity of the immunofluorescent staining, there was virtually no difference in the expression of P27 and P 12 in a variety of CEF transformed either by wild-type RSV strains or infected by conditional (ts) or non-conditional RSV mutants (Table 3) . B77 virusinfected NRK or rat-1 cells revealed a reduced staining with anti-P27 and anti-P12 monoclonal antibodies as compared to infected CEF (Tables 3 and 4) , possibly reflecting the lack of replication of RSV in mammalian cells.
The staining pattern for pp60 ..... was somewhat different in that RSV-transformed mammalian cells tended to be more brilliantly stained than transformed CEF (Tables 3 and 4 ; illustrated in Tanaka & Kurth, 1984a) . Staining was slightly reduced when CEF infected by ts mutants were grown at non-permissive temperature (Table 3 ). This minor temperature sensitivity is also observed with rat-1 cells infected by the ts LA series of td virus mutants (Wyke, 1973b; Fincham et al., 1982) . The effect was, however, not as pronounced and easily detectable as the significant reduction of pp60v-~rc-mediated PK activity of mutant-infected cells grown at non-permissive temperature (Table 4) .
The mutation of ts LA 33, mapping at the 5' half of the sre gene (Fincham et al., 1982 ; J. A. Wyke, personal communication), seems to be distinguishable by the criteria listed in Table 4 from those of the other three ts LA mutants which map more towards the 3' end of the src gene. Staining of pp60 v-src in ts LA 33-infected rat-1 cells is relatively low, but on the other hand unaffected by growth temperature. In agreement with this, PK activity is low and also is not influenced by temperature shifts.
DISCUSSION
In order to isolate hybridomas secreting monoclonal antibodies against antigens which can be isolated in small amounts only, it is essential to devise a small-scale sensitive screening assay. We have recently described an indirect l:SI-labelled Protein A binding microassay that allowed such screening of large numbers of hybridoma culture supernatants and involved only nanogram quantities of antigens adsorbed to Terasaki microtest wells (Tanaka & Kurth, 1984b) .
Single-cell subcloning from stem or parental subclones often led to hybridoma clones secreting increased quantities of monoclonal antibodies (e.g. I6C1 in Table 2 ). As usual, other subclones showed reduced or even no antibody production, indicating that antibody secretion is not linked to cell growth. (Sub)clones initially synthesizing large amounts of monoclonal antibodies often ceased antibody production after 4 to 8 months in culture and had to be replaced by stored aliquots.
Specificity of monoclonal antibodies is most convincingly demonstrated by the direct precipitation of radioactively labelled, purified virus antigens (e.g. Fig. 2 to 4) . We have also employed these antibodies for the precipitation of metabolically labelled antigens from lysates of infected cells (data not shown). These RIPAs suffer, however, from problems of background and, therefore, usually require prior purification and concentration of monoclonal antibodies from ascites or tissue culture fluids (discussed in Tanaka & Kurth, 1984a) .
During the course of these studies it became obvious that repeated freezing and thawing greatly reduced monoclonal antibody titres in both tissue culture supernatants and in ascites. t Arbitrary scoring as in Table 3 .
Antibody in serum of tumour-bearing mice was more stable. The instability of antibodies in ascites fluid may be the consequence of the known high levels of proteases in ascites. It was, therefore, advisable to store ascites and tissue culture supernatants, or ammonium sulphate concentrates therefrom, in aliquots at -70 °C. The pattern of immunofluorescent staining of RSV-infected CEF by anti-P12 and anti-P27 monoclonal antibodies was surprising. At high antibody concentrations, filaments optically resembling actin cables were stained. Consonant with this observation, filaments were not stained in transformed cells (Fig. 6e, J) , in which actin cables are depolymerized. At lower concentrations, filamentous staining was reduced and a more granular, cytoplasmic pattern became visible. Taken at face value, the staining pattern might be interpreted by suggesting that RSV budding occurs along filamentous structures. These structures are not so obvious in RSVinfected mammalian cells similarly stained (results summarized in Tables 3 and 4) , which are non-permissive for RSV replication.
However, unless additional evidence is obtained, we consider it to be more likely that we are either observing a non-specific association between barely diluted monoclonal antibodies from ascites and an undefined filamentous network or that we are dealing with true cross-reactions. The new problems concerning cross-reactions of monoclonal antibodies directed to defined epitopes have been recognized (Nigg et al., 1982) . Minor cross-reactions of individual antibody populations of conventional antisera usually remain undetected, because the reaction is overshadowed by the recognition of many other epitopes on the immunizing antigen. In contrast, monoclonal antibodies specific for only a single epitope may indicate cross-reactions, even though the antigens in question may share only this single epitope but be otherwise completely distinct.
In general, H2B4 (anti-pp60 "-Src) monoclonal antibodies stain cells infected by td, ts mutants more intensely when they are grown at permissive temperature. This should not be regarded as evidence for a lower rate of synthesis of pp60 v-src at non-permissive temperature, which would not be explicable in genetic terms. Instead, slightly reduced staining at non-permissive temperature could be explained by a temperature-dependent effect on the steric composition of the pp60 '-s'~ molecule that results in slightly reduced antigenicity. On the other hand, the clear and easily detectable temperature sensitivity of the protein kinase activity of ts LA 23, ts LA 27 and ts LA 29 virus mutants is not accompanied by a quantitatively comparable decrease in fluorescent staining of pp60 ~r~ at non-permissive temperature.
Use of monoclonal antibodies in conjunction with pp60"--~r~-mediated PK assays also seems to distinguish the ts LA 33 mutant from the other three mutants tested (Table 4) . Whereas the intracellular amounts of virus structural proteins like P27 and P12 (data not shown) remain unaltered by the change in growth temperature, PK activity, as mentioned above, is temperature-sensitive in ts LA 23, ts LA 27 and ts LA 29, but not in ts LA 33. Furthermore, immunofluorescent detection of pp60 '-~rc is lower and temperature-independent in ts LA 33 infected rat-1 cells, compared to cells infected by the other three mutants. This functional dissociation of src gene defects has already been suggested by genetic studies performed in Wyke's laboratory (Wyke, 1973b; Balduzzi et al., 1978; Fincham et al., 1982; J. A. Wyke, personal communication) . Future studies with monoclonal antibodies and additional virus mutants may serve to distinguish the consequences of different src gene defects.
H2B4 is presently being tested for its possible recognition of related transforming proteins of other avian sarcoma viruses, like pp110 fo~, pp68 r°~ and pp90yeL Furthermore, the monoclonal antibodies are now being used for the purification of virus structural proteins by immunoaffinity chromatography and for studying the (abortive) replication and transformation of a variety of replication-and transformation-defective conditional and non-conditional virus mutants.
